Abstract-This work introduces a circularly polarized (CP) conical-beam antenna with low profile and wide impedance & axial ratio (AR) bandwidths. The antenna structure simply consists of a wideband monopolar patch antenna and eight parasitic loop stubs for generating vertically polarized electric field and horizontally polarized field , respectively. The proposed antenna is low profile but wideband because of merging the and modes at around the center frequency. In order to obtain the wideband CP radiation, the eight parasitic loop stubs are printed and placed sequentially along the radiating edge of the patch. With the resultant radiations from both the patch antenna and the loop stubs, the CP conical-beam radiation pattern can be obtained. In addition, a parametric study of the shorting vias effect, number of loop stub elements, and loop widths are demonstrated how to design this wideband CP antenna. The antenna exhibits the wide impedance bandwidth of 28% from 4.9 to 6.5 GHz (for the reflection coefficient 10 dB) and the 3-dB AR bandwidth of 14.4% from 5.8 to 6.7 GHz. The thickness of this antenna is only in terms of the free-space wavelength at its lowest operation frequency. Stable omni-directional conical-beam radiation patterns are observed over the operating bandwidth with the peak gain of 4.9 dBic. The antenna can cover the uplink of standard C band (5.85 to 6.425 GHz) for satellite communication.
I. INTRODUCTION
C IRCULARLY POLARIZED (CP) antennas with conical beam have drawn more and more attention with the rapid development of wireless communications in recent years. CP antennas with conical-beam radiation patterns are desirable to be mounted on moving vehicles for communicating with geostationary satellites due to the freedom of orientation in satellite tracking.
Many efforts have been demonstrated in CP conical-beam antenna designs [1] - [16] . For example, a mode patch antenna [1] excited by multiple feedings can generate the CP conical-beam radiation. This antenna has a simple structure and yields an AR bandwidth of 4%. In addition to the patch antenna, dipole antennas could also generate the CP conical-beam radiation patterns. One of the instances reported in [3] , two orthogonal dipoles with a 90 phase difference and with a chosen proper distance to the ground reflector can transform the radiation pattern from the broadside direction to the conical beam. The CP dipoles obtain the AR bandwidth of 3% but the antenna results in a thicker structure than that of the candidate in [1] . Moreover, four inclined monopoles [4] with a feeding network are introduced to achieve the CP conical-beam radiation pattern. The profile is also high and the reported AR bandwidth is only 2.8%. Furthermore, a circular waveguide [5] with the excitations of and modes achieves the CP conical-beam radiation pattern with the AR bandwidth of 4.8%. Admittedly, someone demonstrated a loop antenna [7] could produce the conical-beam radiation in a very low-profile structure but retains the narrow AR bandwidth of 0.5%. In addition, the use of eight-branch folded loop stubs was tried to generate CP radiation with the conical-beam radiation pattern [8] , [9] . However, the operating bandwidth is narrow although it has a low profile . Moreover, other reported designs in [10] - [13] can generate CP conical-beam radiations. Their AR bandwidths are still very narrow (less than 0.5%). All above examples, exhibit that the patch, the dipole, the monopole, the waveguide, and the loop antennas could generate the CP conical-beam radiation pattern; nonetheless, it is very challenging for the conical-beam antennas to have the wide AR bandwidth. Although a two-arm spiral antenna excited in phase can obtain the wide AR bandwidth from 3.3 to 9.6 GHz, it has a directional radiation pattern in the azimuth plane and a large size [14] . In addition, some scholars proposed a dielectric bird-nest antenna [15] and an L-shaped probe fed high-order mode patch antenna [16] can deliver the wide AR bandwidths up to 54.9% [15] . Their antenna geometries are complex that causes harshness in fabrication.
In this paper, we propose a new CP conical-beam antenna which is low profile, simple, and wideband. We introduce two new techniques of utilizing loop stubs for achieving wideband CP conical-beam radiation including: 1) Coupling excitation and 2) Shorting vias at the ends of the loop stubs. Such that we can combine a monopolar patch and eight parasitic loop stubs to obtain two orthogonal electric fields with the excitation of 90 phase difference for generating the wideband CP radiation. In addition, the antenna thickness is only in terms of the free-space wavelength at its lowest operating frequency. Moreover, it has a simple structure that can be fabricated by the printed-circuit-board (PCB) technology.
The design and the operating principle of our proposed antenna are reported in Section II. Several important design considerations are discussed in Section III. Measured results are presented in Section IV. Finally, Section V is the conclusion. 
II. ANTENNA DESIGN

A. Antenna Configuration
The proposed antenna consists of two sets of radiating elements. The primary radiator is a center-fed wideband monopolar patch antenna with six vertical shorting vias connected to the ground. This monopolar patch antenna element is modified from our prior work in [17] . As shown in Fig. 1 , the monopolar patch has a circular shape and is placed at the center of the antenna excited by a coaxial feed. Another set of radiating elements is the eight parasitic loop stubs which are located sequentially along the edge of the patch. One end of each stub is connected to the ground by an additional shorting via. The other end of the stub is open-circuited for coupling the energy from the patch. Since the stub is connected to the ground plane, this manner forms a loop-stub structure. As a result, the proposed antenna has two radiations: vertically polarized radiation from the monopolar patch and horizontally polarized radiation from the coupling loop stubs, respectively. Their resultant radiations contribute a conical-beam CP radiation with wideband characteristics. To provide more design descriptions, we are going to give detailed explanations in the design of the monopolar patch and the coupling loop stubs in the following part. The detailed dimensions of the parameters are listed in the table of Fig. 1 . 
B. Primary Radiator: Wideband Monopolar Patch
The center-fed monopolar patch antenna with conductive shorting vias has the characteristics of wide impedance bandwidth, low profile and stable vertically polarized conical-beam radiation pattern across the operating bandwidth [17] . It utilizes six shorting vias to control the resonant frequencies of and modes working closer to the center frequency through adjusting the location of all vias defined by and the diameter of the via , such that the wide impedance bandwidth can be obtained. The comparison of the reflection coefficients between antennas with and without the shorting vias on the monopolar patch is shown in Fig. 2 . It is seen that the presence of the shorting vias increases the impedance bandwidth from 19.9% to 29.1%, and shifts the operation frequency to the lower frequency which implies the effect of miniaturization. Electric field distributions on the monopolar patch of the proposed antenna at the two resonant frequencies (5 GHz) and (6 GHz) are shown in Fig. 3 . It is seen clearly that mode is excited at and mode is excited at . As the result, the wide impedance bandwidth has been achieved since the two modes move closer by the introduction of the six shorting vias on patch. The design frequency of this antenna can be determined by the radius of the monopolar patch which is calculated by
where is the wavenumber of the mode in free space, is the effective radius for considering the fringing fields and is the thickness of the substrate.
C. Parasitic Radiator: Coupling Loop Stubs
Since the wideband monopolar patch antenna has the stable conical-beam radiation pattern with vertically polarized electric field across the entire bandwidth. If there is any horizontally polarized electric field generated with 90 phase difference to the electric field with a similar conical-beam pattern, then the resultant field from both and could generate the CP wave propagation. To realize this, coupling loop stubs with end shorting vias are introduced as parasitic radiator to generate with the conical-beam pattern. CP radiation requires that the amplitudes of and are equal and their phase difference is 90 . We adopt eight coupling loop stubs with end shorting vias placed along the circular patch edge sequentially. The antenna with this manner can generate horizontally polarized electric field . Since the stubs are formed in a round shape and connected to the ground, they would create an enclosed loop current (as in Fig. 12 ) which contributes the radiation of horizontally polarized electric field . As shown in Fig. 4 , both the monopolar patch and the coupling loop stubs provide conical-beam radiation patterns in the vertical plane. The monopolar patch generates the vertically polarized electric field while the loop stubs are the horizontally polarized electric field . The 90 phase difference between the two radiations is realized by making the total length of each stub around half wavelength at the center frequency in the initial design. There is a distance between the patch edge and the round-shaped loop as in Fig. 1 . The loop stub at the coupling region with the same length can be regarded as a section of transmission line on which traveling wave flows. Therefore, to control the proper phase difference with 90 , the distance should satisfy the equations below:
In which, is the wavelength in free space and is the effective permittivity.
The coupling stubs introduce the loading effect for the monopolar patch, such that the resonant frequency of the antenna moves to the lower band as seen in Fig. 5 . The axial ratio beamwidth and the axial ratio bandwidth are two key specifications to evaluate CP characteristics. Fig. 6 shows the AR values at the same vertical plane as radiation patterns plotted in Fig. 4 . It is seen that the 3-dB AR beamwidth is very wide (up to the elevation angle ) and the best CP radiation appears at . In addition, the 3-dB RHCP gain beamwidth is also indicated in Fig. 4 which is from to . Therefore, the overlapped beamwidth can cover a wide angle range which is from to . Another parameter is the AR bandwidth, which is defined for a certain elevation angle at the vertical plane. Fig. 7 shows the AR bandwidth at where the best CP radiation appears (highest gain and lowest AR). It can be seen that the wide AR bandwidth from 5.34 to 6.45 GHz (18.8%) is obtained. In addition, for our targeted application band: uplink of standard C band (5.8 to 6.425 GHz) for geostationary satellite communication, the AR beamwidth of the proposed antenna is also given in Fig. 8 . The overlapped 3-dB AR beamwidth is wide which is from 27 to 51 in the vertical plane. 
III. PARAMETRIC STUDY
For achieving the wideband CP radiation, some design considerations are very important. To exhibit a full picture and the understanding of this design, a parametric study is carried out in this part. There are three design concerns including: a) coupling excitation for the loop stubs; b) presence of the shorting vias at the end of stubs; c) stub width and number of the loop stubs; d) effect of the ground size ; e) polarizations.
A. Coupling Excitation for the Loop Stubs
The coupling excitation for the loop stubs is critical because it will affect the electric field mode inside the circular cavity. If the loop stubs are connected directly with the monopolar patch, the impedance matching will deteriorate totally as shown in Fig. 9 . However, when a gap is provided in between the patch and the stubs, the wideband characteristic of the patch can be maintained. This gap also introduces a good environment for coupling excitation to the loop stubs. The effects of the different air gap for the impedance and the AR bandwidths are plotted. It is observed that the wide impedance matching is obtained with the presence of the air gap. The reflection coefficient does not change much with the variation of gap from 0.1 mm to 0.9 mm. All other parameters are the same as in Fig. 1 .
Nevertheless, the axial ratio bandwidth changes according to as in Fig. 10 and there is an optimal value for . In order to obtain the maximum AR bandwidth is chosen for the final design.
B. Shorting Vias at the End of Stubs
Shorting vias at the end of coupling loop stubs are also crucial for obtaining wideband CP radiation. Fig. 11 shows the comparison of the AR bandwidth and the reflection coefficient with and without adding the shorting vias at the end of loop stubs. Apparently, the AR bandwidth is sensitive to the presence of the shorting vias on the loop stub but the impedance bandwidth is less sensitive due to the use of coupling excitation. This working principle can be explained by plotting the current distributions on the antenna at the center frequency of 6 GHz as shown in Fig. 12 . An in-phase current loop is required to generate horizontally polarized radiation. This in-phase current is formed by the resultant currents from the eight parasitic loop stubs. It is seen obviously that the use of shorting vias provides the regular current for every loop stub element. When the shorting vias on the loop stubs are removed, the current on the stub is reflected by its open end. Therefore, the in-phase loop current along the circumference of the antenna is destroyed. Prior works in [18] - [20] proposed horizontally polarized radiation by using loop antennas. However, they all provide omnidirectional radiation patterns with the maximum radiation at the elevation angle . In our work, a conical-beam radiation pattern is achieved due to the use of the ground plane. Such that the travelling wave on the stubs could generate the conical-beam radiation. The directions of the currents and are also indicated in Fig. 12 . The current of generated by the monopolar patch is in advance to by the stubs. With proper value of the parameter which controls the phase difference between and , then the right-handed circular polarization (RHCP) is realized.
C. Stub Width and Number of the Loop Stubs
The choices of the stub width and stub numbers are other important concerns for obtaining the wide AR bandwidth. Fig. 13 shows three antenna designs with different stub widths and their axial ratio bandwidths. It can be concluded that a wider AR bandwidth can be achieved by a wider stub. For obtaining the widest AR bandwidth, stub parameters , are chosen in the final design. Loop stubs as the parasitic radiator couples the energy from the primary radiator: monopolar patch. The width of stub determines the amount of the energy coupled and the amplitude variation of by the loop stubs. As seen in Fig. 14 , the magnitude differences between Gain-theta and Gain-phi at are 1.8 and 5.1 dBi for the wide and the narrow stubs, respectively. For the wider stubs, it is better for coupling sufficient energy to generate CP radiation.
Figs. 15-17 show the effect of the different stub numbers. It can be observed that both the antenna gain and the AR bandwidth reduce when the number of loop stub decreases. In addition, when the number of loop stub is eight, desirable omni-directional radiation characteristics can be achieved. For example, AR value varies greatly at the azimuth plane if the number of stubs is four.
D. Effect of the Ground Size
The radius of the ground plane cannot cover the entire loop stubs to prevent the damage of the operating mode of the loop stub radiation. The value of is sensitive to both the impedance bandwidth and the CP radiation as shown in Figs. 18 and 19 , respectively. The optimized size of the ground is suggested to be slightly larger than the position of the end shorting vias on the loop stubs as seen in Fig. 1 . Therefore, finally is chosen for the widest impedance and AR bandwidths.
E. Polarizations
Right-handed circular polarization (RHCP) and left-handed circular polarization (LHCP) can be alternated by changing the orientation of the loop stubs. Fig. 20 shows the same antenna with the different loop stub orientation. The polarization can be reverted when the stub orientation is changed to the opposite.
IV. MEASURED RESULTS
The proposed antenna was fabricated as shown in Fig. 21 . All the conductive vias are realized by the plate via holes. Due to the simple structure, it is low-cost and easily fabricated by the PCB technology. All simulated results are from Ansoft HFSS software and measured results are from SATIMO near-field antenna measurement system and Agilent Vector Network Analyzer. Fig. 22 shows a good agreement in comparison between the measured and the simulated reflection coefficients. It is seen that wide impedance bandwidth of 28% is realized that covers from 4.9 to 6.5 GHz.
In Fig. 23 , it exhibits both the simulated and measured RHCP gains and AR bandwidths at the vertical plane where the gain achieves its maximum as shown in Fig. 27 . It is observed that the measured 3-dB AR bandwidth is achieved from 5.75 to 6.75 GHz, which can cover our objective uplink of standard C band: 5.85 to 6.425 GHz. In addition, the maximum RHCP gain of 4.9 dBic is obtained within the AR bandwidth.
For considering the omni-directional property, the realized AR bandwidth at the azimuth plane is presented in Fig. 24 , which demonstrates the realized AR bandwidth is from 5.8 to 6.7 GHz and the AR variations at 5.8, 6.25, and 6.7 GHz for all directions are small (Less than 1.5 dB).
The AR values at the vertical plane are also plotted in Fig. 25 which shows the AR beamwidth is wide. Within the required band, AR values are less than 3 dB when the angle sweeps from 15 to 38 . Fig. 26 and Fig. 27 show the measured radiation patterns at the center frequency and the two band edge frequencies. This shows CP conical-beam radiation patterns have been obtained with the out of roundness less than 2 dBic and the average RHCP gain is larger than 3.5 dBic. Maximum RHCP gain could reach 4.9 dBic. Table I compares the performance of the different types of CP conical beam antennas. It is concluded that our proposed antenna is very low profile and exhibits wide impedance and AR bandwidths with good CP conical-beam radiation pattern. In addition, our design is simple which does not require an additional feeding network.
It should be noted that the measured AR bandwidth at the vertical plane shifts to the higher frequency band. This is because ripples occur in the measured curve due to the uncertainties of alignment in measurement, such that the measured AR variation is more than 1 dB larger than the simulated result at the azimuth plane as seen in Fig. 17 . Therefore, the AR bandwidth at the vertical plane is affected accordingly. However, the problem of AR shifting can be solved by increasing the parameter in the later fabrication process in order to shift it back to the design target since is sensitive to the AR bandwidth and the impedance bandwidth as shown in Fig. 28 .
V. CONCLUSION
A circularly polarized conical-beam antenna with low profile and wide bandwidth has been proposed. A marriage of the center-fed monopolar patch and the coupling loop stubs has been introduced to achieve the wideband CP radiation. The operation principle and key considerations in the antenna design have been discussed. A prototype working at the standard C band has been fabricated and tested. The measured results are in a good agreement with the simulations, which shows wide impedance and AR bandwidths, stable gain and the excellent omni-directional characteristics. It should be a good candidate for the mobile satellite communications.
